is simply the way an eye-centered representation of before ( Figure 1B ), using a more powerful set of analysis tools (multiple frames analysis). Based on the recent desired gaze projects onto 3D motor space (Klier et al., 2001) .
results of a similar study of the SC (Klier et al., 2001) , and the observation that the SEF is functionally located Finally, it has been shown that in brain sites that code eye-head gaze shifts, the natural head contribution is upstream from the SC (Shook et al., 1990), we initially hypothesized that a simple eye-centered model would required to reveal the actual goal of stimulus-evoked gaze shifts (Freedman et al., 1996; Roucoux et al., 1980;  account for all of our SEF data, but as described in the Results, this assumption proved to be incorrect. 
Simulations of Gaze Coding in Different
Reference Frames But even so, the eye-centered model did not fit the SEF data as well as it fit the SC data (Klier et al., 2001) , What egocentric frames of reference might be used to code gaze in the SEF? Suppose that an SEF site drives suggesting that a more complex analysis is required to understand the spatial coding of gaze commands in gaze (using both the eyes and head) 60Њ left, as illustrated in Figure 1 . The meaning of this statement dethe SEF.
The purpose of the current study was to reexamine pends on the frame of reference in which this command is defined. In our experiments, the torso was always the question of gaze coding in the medial frontal cortex by (1) stimulating the macaque SEF while recording 3D restrained, so we will treat the space-and body-centered frames as equivalent (space/body). However, the eye and head rotations; (2) simulating the various possible motor frames that it might use to code gaze; and eyes and head were free to move, so the space/body, head, and eye frames were ordinarily dissociated when (3) using these simulations to inspire a mathematically correct 3D analysis of the data. Compared to our previthe animals looked around. Therefore, depending on whether 60Њ left is defined in space/body-, head-, or ous study (Martinez-Trujillo et al., 2003b), we obtained a much larger data set (i.e., more stimulation sites) and eye-centered coordinates, this command would result in entirely different gaze shifts (as illustrated schematicompared these to a more complete set of possible models, including one which has never been considered cally in the top row of Figure 1 ).
In a space/body-centered frame ( Figure 1A ), the angle of the gaze shift required to drive gaze to the 60Њ left position is 100Њ, since initial gaze direction is oriented 40Њ to the right of the body's midline pointing direction. In a head-centered frame ( Figure 1B) , the required gaze shift is 80Њ degrees leftward, since initial gaze direction is oriented 20Њ to the right of the head's midline pointing direction. In an eye-centered frame (Figure 1C) , the required gaze shift is 60Њ leftward, since the eye and gaze pointing directions are always aligned.
To illustrate the complete pattern in 2D, we simulated gaze trajectories (Figure 1 , rows 2-4) from various natural combinations of initial 3D eye and head orientation (see Experimental Procedures), allowing the natural dissociation between the eye, head, and space/body frames. We set our model to provide a fixed 60Њ leftward output in space/body (left column), head (center column), or eye (right column) coordinates. We then plotted 2D gaze trajectories in space/body (row 2), head (row 3), or eye (row 4) coordinates. The resultant trajectory patterns are complex, reflecting the inherent nonlinearities of rotational geometry (Tweed and Vilis, 1987) . However, one fundamental pattern emerges: each model produces gaze shifts that converge to a common location when plotted in its intrinsic coordinate system, i.e., the space/body model is plotted in space/body-centered coordinates (Figure 1D ), the head model is plotted in head-centered coordinates ( Figure 1H 
Determining the Reference Frame for Gaze (D-F) Gaze trajectories plotted in space/body-(D), head-(E), and
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eye-centered coordinates (F). Symbols are the same as in (B) and (C).
If sites within the SEF encode a gaze motor output using The axes represent the horizontal (abscissa) and vertical (ordinate) meridians aligned with the center of the reference frame. one of the three frames simulated in Figure 1 , then stimulation of these sites should reveal one of the three patterns (first, second, or third column) shown in this figure. We measured 3D eye and head rotations produced by forth, we focus on the frame of reference for these gaze shifts. tered model (Figure 1 , center column): insufficient conrow). The cartoons in the first row illustrate the reference frame models that best fit the data in each column, when vergence in space/body-centered coordinates, strong convergence in head-centered coordinates, and divercompared to the simulations (see plots along the main diagonal of the other three columns in Figure 1 ). We gence in eye-centered coordinates. Remarkably, this particular SEF site appears to select a desired gaze chose these three examples because they illustrate the main observations from our initial analysis. In a few sites, direction that is fixed relative to the head ( Figure 2E 
focus on only the final gaze directions of the evoked
Even when analyzed site by site, the ellipse fits were never perfect in any frame (this would have yielded a movements, as an indicator of desired gaze direction for that site. In order to document this for all of our single point with zero area). This is not surprising considering the inherent state-dependent neural noise "downstimulation sites, we fit an ellipse to the cluster of gaze trajectory's endpoints in each coordinate system. This stream" of high-level structures like the SEF, which one would expect to randomly affect the results of individual is a method of fitting and comparing the models: the coordinate system in which the ellipse is smallest correstimulation trials. For example, when we filtered the same data using a conservative method that eliminates sponds to the coordinate frame model with the best fit.
Example ellipse fits are shown in the first column of noise unrelated to any of the known reference frame models (but probably underestimates the noise relative Figure 4 for one site. The data points represent the endpoints of the trajectories plotted in space/body (first to the real model for a given site), the average fit area dropped to 80% of its original value for the space/body row), head (second row), and eye (third row) coordinates. The ellipse with the smallest area is the one correspondmodel, 56% of its original value for the eye model, and 49% of its original value for the head model. Thus, part ing to the head-centered plot, suggesting that this particular site encodes desired gaze relative to the pointing of the residual ellipse areas shown in Figures 4G-4I could be noise related. However, an inherent problem direction of the head. We repeated the same procedure for each of the stimulation sites and obtained the ellipses in this simple method of model fitting is that it assumes that each SEF sites perfectly follows one reference illustrated in the remainder of Figure 4 . The second column shows the actual location of the gaze endpoint frame model, whereas in reality individual sites might fall within a continuum between these models. ellipses for the different sites, whereas the third column realigns them with the center of their coordinate systems
To address these factors, we used a second, more complex method of quantification that did not rely solely for easier visual comparison of the ellipse areas.
Averaged across sites, the head-centered ellipse (Figon the potentially noisy endpoints of the gaze shifts and that allows one to visualize a complete continuum of ure 4E) had the smallest area (1584Њ Considering the population as a whole, we found that between these previous head-restrained studies is perhaps not surprising. First, because gaze coding in the for both convergence indices (direction and amplitude) the mean of the residuals 2 was significantly different SEF is so much more complex than gaze coding in, for example, the SC, and second, because with the head across models (p Ͻ 0.01; Friedman test for repeated measurements) ( Figure 5E and 5F ). In the direction comfixed the resulting gaze shift would be indeterminate, depending on the size of the movement, the animal's ponent, the head-and eye-centered models showed It is important to note that these coding schemes are not intrinsic to the SEF sites in isolation, but rather are When we examined the curves for individual sites (for example, the two highlighted curves for exemplary "eye" the product of the total pattern of output connectivity activated when these sites were stimulated. Thus, the and "head" sites), we found that the head-centered model produced the lowest residuals in the most sites transformation from activity in the SEF to behavior depends on this full set of output targets and all of their (26), followed by the eye-centered model (14 sites), the space/body model (eight sites), and finally the fixed vecdownstream transformations, traced all the way to pattor model (only one site). This pattern of distribution terns of muscular activity. This would include projection agrees with the general pattern that was observed using to areas such as the frontal eye fields (Schall et al., the ellipse fit method (Figure 4) . However, using the CI 1993). It is possible that nonphysiological patterns of method ( Figures 5A-5C ) one can clearly see that the full activation produced by our stimulation, such as activadistribution of data is best characterized as a continuum. tion of fibers en passant or nonphysiological combinaIn summary, our population of stimulation sites showed tions of SEF activity with other brain states, may have a continuum of coding between eye-centered to space/ added noise to our results. However, our previous findbody-centered coding, with a propensity toward sites ing that SEF stimulation produces naturally coordinated in the earlier eye-and head-centered coding range.
eye-head gaze shifts (Martinez-Trujillo et al., 2003a) adds credence to our assumption that the coding schemes revealed in our experiment reveal aspects of Discussion normal physiology. Moreover, if gross electrical input to the SEF can evoke gaze shifts in multiple frames of The current study recorded head-unrestrained gaze shifts evoked from a large set of electrically stimulated references, it seems very likely that far more subtle phys-iological patterns of input would be able to access at served in our data might not occur simply because the head code happens to fall at the center of the continuum least these same patterns of motor output.
The second finding in our study was a predominance from eye-centered to space/body-centered output coding, but rather because it fulfils some specific cognitive of head-centered representation of gaze in the SEF. This is a result that at first glance, due to its unfamiliarity, function. Consistent with the latter, a study (Scherberger et al., 2003) has recently reported behavioral evidence may sound contradictory. However, as illustrated in Figure 1B, this simply suggests For the noise analysis on our ellipse data, predicted gaze trajectories were obtained by fitting the following model to the stimulation not systematically stimulate using other parameters, because our previous study suggested that these parameters evoked naturally data: 
